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To properly segregate chromosomes
during mitotic cell division,
kinetochores on each sister chromatid
must stably attach to the plus-ends of
spindle microtubules. Researchers
have long sought to understand
how kinetochores not only generate,
but also regulate attachments to
microtubule plus-ends. Early inmitosis,
errors in kinetochore-microtubule
attachment are frequent, and
kinetochores must continually release
attached microtubules to prevent error
accumulation. As mitosis proceeds,
however, kinetochore-microtubule
attachments must eventually be
stabilized so that forces can be
generated for directed chromosome
movements and to satisfy the spindle
assembly checkpoint.
A large body of work has
demonstrated that the evolutionarily
conserved NDC80 complex of proteins
(Ndc80/Hec1, Nuf2, Spc24, and Spc25)
is a core component of the
kinetochore-microtubule attachment
site. Perturbation of NDC80 complex
proteins prevents the formation of
stable kinetochore-microtubule
attachments in many cell types [1],
and the complex binds directly tomicrotubules in vitro via the Hec1
and Nuf2 proteins [2]. Portions of the
amino termini of both Hec1 and Nuf2
fold into calponin homology (CH)
domains [3,4], which are known
microtubule-binding motifs [5], and
point mutations within the CH domains
of either Hec1 or Nuf2 significantly
decrease the affinity of NDC80
complexes for microtubules in vitro [4].
Preceding the CH domain in Hec1 is
a positively-charged ‘tail’ (80 amino
acids in the human complex) that is
required for both high affinity
microtubule binding in vitro [3,4]
and stable kinetochore-microtubule
attachments in vivo [6,7], perhaps
through direct binding to the acidic
caboxy-terminal ‘E-hook’ domains of
tubulin [6]. The Hec1 tail, for which
there are no structural data due to its
tendency towards disorder, is
phosphorylated by the Aurora B
protein, a kinase whose function is
to induce kinetochore-microtubule
turnover to facilitate attachment error
correction in mitosis [8]. Despite
intensive in vitro and in vivo study,
how the NDC80 complex contributes
to the generation and regulation of
kinetochore-microtubule attachments
remains highly debated. A recent study
by Alushin et al. [9], published in
Nature, provides a new perspectiveon the subject, and the authors
propose a novel mode of
kinetochore-microtubule attachment
regulation that is based on
oligomerization of the NDC80
complex, mediated by the Hec1 tail.
Alushin et al. [9] used cryo-electron
microscopy techniques to build
a reconstruction of NDC80 complexes
bound to microtubules in vitro.
By docking published crystal
structures of NDC80Bonsai complexes
[4] and tubulin [10] onto their
reconstruction, they generated
a high-resolution model of the
NDC80-complex–microtubule interface
(Figure 1A). Their data reveal that
NDC80 complexes bind to each tubulin
monomer, confirming earlier findings
from a study carried out in the Milligan
lab using similar techniques [11].
Alushin et al. mapped the point of
microtubule contact in the NDC80
complex to a small region they refer to
as the ‘toe’ within the CH domain of
Hec1 (Figure 1A). On the microtubule,
the toe domain binds a region between
tubulinmonomers at both the inter- and
intra-dimer interfaces. As expected,
amino acids in the Hec1 CH domain
that were found in an earlier study to be
required for high-affinity microtubule
binding in vitro [4] were resident within
or near the Hec1 toe domain
(Figure 1A). A surprising detail revealed
in both this and the previous
reconstruction study [11] is that the
Nuf2 CH domain does not interface
with the microtubule lattice (Figure 1A).
This is somewhat surprising since
in vitro studies demonstrated that
mutating even single amino acids
within the Nuf2 CH domain severely
Figure 1. Models for NDC80–microtubule binding and phospho-regulation.
(A) Surface view of a reconstruction of the NDC80Bonsai–microtubule interface [9] (tubulin,
green; Hec1, dark gray; Nuf2, light gray). Residues in red (on tubulin) denote the position at
which the E-hooks begin. Residues in blue (on Hec1) denote the position at which the Hec1
tail domain begins. Lysine residues in Hec1 and Nuf2 that have been previously shown to
be important for microtubule binding in vitro [4] are denoted in yellow. For clarity, although
two NDC80 complexes are shown in each view of the reconstruction, the lysine residues
are only labeled on one of the complexes. (B) Models of phospho-regulation of kinetochore-
microtubule attachment by Aurora B kinase (ABK). On the left is a recently proposed model
suggesting that high affinity binding of NDC80 complexes to microtubules is regulated by
the oligomerization state of adjacent NDC80 complexes, which is regulated by Hec1 tail phos-
phorylation [9]. On the right is a model suggesting that high-affinity binding of NDC80
complexes to microtubules is regulated by direct interactions of the Hec1 tail with tubulin
E-hooks, which is regulated by tail phosphorylation (Hec1, dark gray; Nuf2, light gray; Hec1
tail, magenta).
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binding microtubules [4].
Unfortunately, the crystal structure for
NDC80Bonsai does not include the Hec1
tail [4], so how this domain is oriented in
relation to the microtubule lattice could
not be unambiguously determined
in either of the electron microscopy
reconstruction studies [9,11].
To predict where the Hec1 tail
resides within NDC80 complexes
bound tomicrotubules, Alushin et al. [9]
calculated a difference map between
their experimental density data (Hec1
tails included) and the docked crystal
structures (Hec1 tails not included).
The map showed significant peaks
(indicating differences in density)running between longitudinally
adjacent NDC80 complexes.
The density trail connected with the
amino-terminal end of the NDC80Bonsai
structure, corresponding to the
beginning of the 80 amino acid tail.
The authors suggest that these
densities residing between the
longitudinal surfaces of adjacent
NDC80 complexes represent the
Hec1 tail domain. It is well-established
that high-affinity binding of NDC80
complexes along microtubules in vitro
requires complex oligomerization
[2,4,12], and their results suggest that
the tail domain of Hec1 may ‘zipper’
adjacent complexes together,
facilitating oligomerization. To furtherinvestigate this, the authors decorated
microtubules with sub-saturating
concentrations of wild-type andmutant
NDC80Bonsai complexes and analyzed
the ability of complexes to form
oligomers. For NDC80 complexes
whose Hec1 tails were mutated
to mimic phosphorylation or were
deleted, the number of complexes
per oligomer was reduced from an
average of 4 (for wild-type) to an
average of 1–2, suggesting that the
tail domain of Hec1, specifically in its
dephosphorylated form, is involved in
NDC80 complex oligomerization.
The authors noted, however, that
the tail domain is not likely the
sole oligomerization factor since
tail-deleted NDC80 complexes were
still readily able to form oligomers of 2.
An intriguing aspect of this study is
the implication it has on the regulation
of kinetochore-microtubule
attachments by Aurora B kinase.
Phosphorylation of outer kinetochore
targets by Aurora B is essential for
correcting the errors in attachment that
are associatedwith early mitotic events
[13]. It has been previously suggested
that the positively charged tail domain
of Hec1 directly interfaces with the
negatively charged microtubule lattice
in cells, and that phosphorylation of the
Hec1 tail by Aurora B lowers this affinity
to inducemicrotubule release [2,6,7,14]
(Figure 1B). Here, Alushin et al. [9]
provide a very different outlook on this
regulatory mechanism and suggest
that kinetochore-microtubule binding
and release are regulated by NDC80
complex oligomerization [9]
(Figure 1B). In their model,
phosphorylation of the Hec1 tail
domain by Aurora B prevents
oligomerization, and thus prevents
the clustering of adjacent NDC80
complexes along microtubules that is
required for high affinity binding. Upon
dephosphorylation, they propose that
the positively charged Hec1 tail
situates itself between adjacent NDC80
complexes, tethering them together to
facilitate high affinity complex binding
along the microtubule lattice.
The experiments described here
do not rule out the possibility that Hec1
phospho-regulation by Aurora B kinase
involves a change in affinity of the tail
domain for the microtubule lattice,
and in fact, the authors point out that
the tail is likely involved in both
oligomerization of NDC80 complexes
and direct binding to the E-hook
domains of tubulin. Multiple residues
Dispatch
R1085within the Hec1 tail are known to be
Aurora B kinase substrates [2,4,14];
thus, it will be interesting in the future
to determine if certain phosphorylation
sites govern oligomerization and others
govern direct binding to the
microtubule lattice.
As a final note, in the Alushin et al. [9]
study, reconstructions were generated
using complexes that associated
longitudinally alongasinglemicrotubule
protofilament. The authors propose
a model in which NDC80 complexes in
cells ‘toe the line’ along an individual
protofilament and form oligomers that
are capable of high-affinity binding. It is
unclear, however, if the arrangement of
complexes in vivowill be found tomimic
the situation described in this study.
This is because, in cells, NDC80
complexes are tethered to the inner
kinetochore and presumably have a
finite ‘reach-length’ down the
microtubule lattice. However, the
flexible hinge within the coiled-coil
domain of NDC80 complexes may
preferentially position complexes
such that alignment down a single
protofilament is possible. Alternatively,
again in cells, NDC80 complexes may
associate laterally along adjacent
microtubule protofilaments, which may
raise the question of how the Hec1 tail
would maintain its oligomerization
potential. An additional hypothesis,which has not been tested, is that
the Nuf2 subunit functions to tether
adjacent NDC80 complexes to facilitate
oligomerization [11]. Or, perhaps,
the kinetochore positions NDC80
complexes in such a manner that
there is no explicit requirement for
‘cluster’ formation. Undoubtedly,
the high resolution models of NDC80
complexes bound to microtubules
will allow researchers to generate
rationally designed mutants to test
such questions.
References
1. Santaguida, S., and Musacchio, A. (2009).
The life and miracles of kinetochores. EMBO J.
28, 2511–2531.
2. Cheeseman, I.M., Chappie, J.S., Wilson-
Kubalek, E.M., and Desai, A. (2006). The
conserved KMN network constitutes the core
microtubule-binding site of the kinetochore.
Cell 127, 983–997.
3. Wei, R.R., Al-Bassam, J., and Harrison, S.C.
(2007). The Ndc80/HEC1 complex is a contact
point for kinetochore-microtubule attachment.
Nat. Struct. Mol. Biol. 14, 54–59.
4. Ciferri, C., Pasqualato, S., Screpanti, E.,
Varetti, G., Santaguida, S., Dos Reis, G.,
Maiolica, A., Polka, J., DeLuca, J.G.,
De Wulf, P., et al. (2008). Implications for
kinetochore-microtubule attachment from
the structure of an engineered Ndc80 complex.
Cell 133, 427–439.
5. Slep, K.C., and Vale, R.D. (2007). Structural
basis of microtubule plus end tracking by
XMAP215, CLIP-170, and EB1. Mol. Cell 27,
976–991.
6. Miller, S.A., Johnson, M.L., and
Stukenberg, P.T. (2008). Kinetochore
attachments require an interaction between
unstructured tails on microtubules and Ndc80
(Hec1). Curr. Biol. 18, 1785–1791.7. Guimaraes, G., Dong, Y., McEwen, B.F., and
DeLuca, J.G. (2008). Kinetochore-microtubule
attachment relies on the disordered N-terminal
tail domain of Hec1. Curr. Biol. 18, 1778–1784.
8. Kelly, A.E., and Funabiki, H. (2009). Correcting
aberrant kinetochore microtubule attachments:
an Aurora B-centric view. Curr. Opin. Cell Biol.
21, 51–58.
9. Alushin, G.M., Ramey, V.H., Pasqualato, S.,
Ball, D.A., Grigorieff, N., Musacchio, A., and
Nogales, E. (2010). The Ndc80 kinetochore
complex forms oligomeric arrays along
microtubules. Nature 467, 805–810.
10. Nogales, E., Wolf, S.G., and Downing, K.H.
(1998). Structure of the alpha beta tubulin dimer
by electron crystallography. Nature 391,
199–203.
11. Wilson-Kubalek, E.M., Cheeseman, I.M.,
Yoshioka, C., Desai, A., and Milligan, R.A.
(2008). Orientation and structure of the Ndc80
complex on the microtubule lattice. J. Cell Biol.
6, 1055–1061.
12. Powers, A.F., Franck, A.D., Gestaut, D.R.,
Cooper, J., Gracyzk, B., Wei, R.R.,
Wordeman, L., Davis, T.N., and Asbury, C.L.
(2009). The Ndc80 kinetochore complex forms
load-bearing attachments to dynamic
microtubule tips via biased diffusion. Cell 5,
865–875.
13. Liu, D., Vader, G., Vromans, M.J.,
Lampson, M.A., and Lens, S.M. (2009). Sensing
chromosome bi-orientation by spatial
separation of aurora B kinase from kinetochore
substrates. Science 323, 5919.
14. DeLuca, J.G., Gall, W.E., Ciferri, C., Cimini, D.,
Musacchio, A., and Salmon, E.D. (2006).
Kinetochore microtubule dynamics and
attachment stability are regulated by Hec1. Cell
127, 969–982.
Department of Biochemistry and Molecular
Biology, Colorado State University,
Fort Collins, CO 80525, USA.
*E-mail: jdeluca@colostate.eduDOI: 10.1016/j.cub.2010.11.033
